The thermal properties of Light Emitting Diode (LED) products have a significant impact on their longevity and overall performance. Products which are unable to adequately dissipate heat degrade, shortening the projected lifespan. A testing apparatus has been constructed to characterize the thermal behavior of MR-16 LED products. This paper documents the testing setup and measurement results for 9 separate products, and identifies product characteristics which demonstrate higher success at heat dissipation. The thermal performance was quantified using experimental data and heat transfer models. Calculations to quantify the magnitude of heat transferred through radiation and convection in each LED product were performed. Results indicate some of the products are better optimized to enhance convection heat transfer.
Introduction
Light Emitting Diode (LED) products offer significant advantages over incandescent and compact fluorescent lighting (CFL). LEDs boast a lifespan roughly three times longer than that of CFLs, and it is estimated that full market penetration of LEDs into the consumer light market would reduce greenhouse gas emissions from lighting by 46% [1] .
Despite their promise thermal management is a common issue in current LED bulbs, a US Department of Energy study determined that many consumer products overheat from use under normal operation conditions, causing LED components to perform poorly, and over time to degrade [2] [3] . This results in poor light quality in the short-term, and reduces the overall lifespan for the products. It is hard for manufacturers to combat this issue, as computational fluid dynamics (CFD) modeling for these problems is computationally taxing and expensive.
Research has been performed that focuses on the thermal management of A-19 style LED products [4] . These products typically utilize very large aluminum heat sinks to try and protect their LED components, which make the bulb more expensive and less environmentally friendly [5] [6] . Most existing research focused on the thermal performance of specific-application LEDs, such as headlights, or on the LED packaging [7] [8]. A few individual computational models have been developed for specific product applications [9] [10]. Chi et al. focused on modeling the interaction of the LED package with the product elements [9] . Bender et al. performed a CFD analysis to verify a thermal design model for general LED applications [10] . The prior work did not focus on thermal characteristics of a variety of existing MR-16 products. This paper provides insights about the relative heat transfer modes in different MR-16 products at the product level that has not been explored by prior work.
CFD analysis of forced air flow was performed by Maaspuro and Tuominen [11] , but natural convection is considered more suited for LED applications due to the long operating conditions. While not commonly optimized in LED product design, natural convection heat transfer in small enclosures has been widely studied [12] [13] . Recent work with boundary conditions that may represent the air gap in an MR-16 fixture has shown that optimizing temperature profiles may improve the transition to turbulent flow even with small temperature differences [14] [15] . This paper is a first step by characterizing the magnitude of convection and radiation that occurs in MR-16 products.
Research into the thermal performance of MR-16 products provides a unique opportunity. Because of their size and fixtures, MR-16 research naturally lends itself to a worst-case scenario thermal analysis. MR-16s are too small for the large heat sinks used on the A-19 lighting products, and also tend to be fixed into confined spaces where air flow is limited. Manufacturers have created many styles of MR-16s that are focused on increasing thermal performance, however, most manufacturers measure the total heat dissipated as the difference between the total energy and light produced rather than exploring the different heat transfer mechanisms. The variety in products provided an opportunity to determine which products optimize heat transfer by natural convection through innovative heat exchangers and fins.
A recent study by the US Department of Energy reported that the number of MR-16 products using LEDs has actually fallen from 25% to 7% in 2016 [16] . The same report found that efficacy has improved at a much slower rate than other LED product types, making a study of thermal performance and work to improve heat transfer important. This paper describes a thermal testing and modeling method that may be adopted by product manufacturers to improve thermal performance of LED systems. This research also extends the thermal analysis of MR-16s by comparing the thermal performance of multiple products with different types of heat exchangers.
Experimental Method
Commercially available MR-16 products were purchased, with a focus on collecting bulbs with a variety of thermal management styles. The chosen products were then cataloged and the manufacturer's specifications were recorded including power, lumen output, wattage, and color temperature, as summarized in Table 1 .
The variety of heat exchangers in the selected products is wide. Manufacturers selected plastic, metal, or composite materials and arranged them in a wide variety of geometries. Some of the heat exchangers appear complex to manufacturer, implying that additional cost savings may be possible with improvements to thermal management.
Infrared photos were taken of the products and used to determine locations for thermocouple placement as shown in Figure 1 . Individual thermocouples were then welded and calibrated. OMEGA 101 Bond thermo-epoxy was used to attach thermocouples to the chosen locations for data collection, and the epoxy was left to cure for a minimum of 24 hours. The other end of the thermocouples was connected to a data acquisition system using LabVIEW (version 2015) to record temperature.
Testing was conducted under worst case scenario conditions within a modified commercial ceiling fixture for a minimum of three hours per bulb, recording one temperature reading every 10 seconds as shown in Figure 2 . Once collected, the data was imported into a MATLAB program (version R2015a) where it was processed for graphical comparisons and steady state temperature analysis. The MR-16 thermocouples were attached in several general locations as shown in Figure 3 and Figure 4 .
Experimental Results
The MR-16's typically reached a steady state temperature profile after about 30 minutes, implying that long term usage risks degrading performance easily. A typical temperature history over time is shown in Figure 5 . For each product a more detailed steady state analysis of the temperature data was
performed. An example of the steady state data is shown in Figure 6 . The highest steady state temperature was achieved by MR-16 D and was over 100˚C, while the lowest temperatures came from MR-16 N at less than 65˚C. A summary of the temperature range by product is given in Figure 7 . The infrared photos (Figure 1 ) reveal that while most of the product's hottest locations were their main bodies, the lowest temperature product had a cooler main body and very focused "hot spots" on the top edge and base that facilitated heat transfer.
Due to the steadiness of the ambient temperatures, the jagged steady state temperature behavior for MR-16 N ( Figure 6 ) suggests that the heat exchanger design may be 
Heat Transfer Model
To model the heat transfer from each lighting product, the experimental temperature data was used to calculate rates of heat transfer due to both convection and radiation from the products.
The approach for the convection model was first to calculate the Rayleigh number the specific heat at constant pressure; β is the isobaric coefficient of thermal expansion; µ is the dynamic viscosity; k is the thermal conductivity of the fluid; and ρ is the density. The force of gravity ( g ), the temperatures on the surface of the object ( s T ), Figure 7 . Product temperature profiles for all LEDs tested. and the air ( T ∞ ) are used for the calculation. A characteristic length ( L ) was defined for each product using the methadology from Bergman et al. [17] .
The Rayleigh number was used to determine the Nusselt ( Nu ) number for different fluid behavior. The Nusselt correlations from Bergman et al. [17] were used for thermal property calculations based on the geometry and Rayleigh number for each product. For the flat exposed face of each MR-16 product the Nusselt correlation representing the lower face of a hot plate was used.
The convection from the vertical sides of the MR-16 products was approximated using the Nusselt correlation for flat vertical surfaces [17] .
( ) 
For this correlation, the Prandtl Number ( Pr ) was calculated to characterize the fluid air. 
The overall heat transfer model for a characteristic MR-16 product is shown in Figure 8 . The calculated area values for each MR-16 product are shown in Table 2 . For all the plastic fin materials the emissivity was estimated as 0.91 ε = and for all the aluminum materials the emissivity was estimated as 0.09 ε = .
Heat Transfer Model Results
The calculated radiation and convection energy flow for each MR-16 product is summarized in Table 3 . Results for product temperature ranges and heat transfer by radiation and convection for each product are shown in Figure 9 . An ideal LED product would have low overall temperatures as defined by Figure 7 due to high performance LED components. However, an ideal product will also utilize the heat exchanger in an optimal way and maximize the heat transfer due to convection. If radiation heat transfer is the dominant mechanism for cooling, the heat exchanger may be removed or dramatically simplified since the fins are not contributing significantly to overall heat dissipation.
The results indicated that most of the products rejected 2 -4 Watts of energy through both convection and radiation heat transfer. Some products, like MR-16 C had low overall heat transfer relative to the total rated wattage, but this was driven by the relatively low operating temperatures for the system. 
Conclusions
A set of experiments has been performed to document the thermal behavior of the emerging MR-16 LED products. MR-16 C and MR-16 N had the lowest overall temperatures under steady state conditions, averaging 50˚C -60˚C during testing in a fixture.
Both of these products are designed to allow air flow between the fins and the exterior of the fixture as shown in Figure 10 .
MR-16 L had the highest ratio of convection heat transfer. This is one of the few products tested to use metal in the heat exchanger, and has a relatively wide fin shape relative to other products ( Figure 10 ). This implies that the additional cost of metal heat exchangers may improve heat transfer characteristics, particularly for higher temperature Figure 10 . Geometry and structure of heat exchanger fins for higher performance convection systems.
products. Product N has a non-traditional fin shape, but does seek to maximize the exposed surface area to the air flow ( Figure 10 ). During steady state testing, both of these products exhibited signs of oscillatory behavior consistent with an increase in convection air flow.
Heat transfer modeling of the MR-16 products indicated many of the systems are reliant on radiation heat transfer when convection heat transfer could be optimized for each system. A thermal model has been developed and tested on several products that could be used to augment existing manufacturer LED thermal testing.
The experimental results indicate that for the temperature range experienced by most of the MR-16 products, natural convection could be optimized to become oscillatory or turbulent with small changes to product temperature profiles. This is the focus of future research, where the onset of turbulent air flow may be enhanced using known geometries [14] [15] . While time intensive, special CFD models may be used to further optimize heat exchanger design and placement in the MR-16 products.
